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Abstract
The φ-meson leptonic widths, Γee and Γµµ, are obtained, respectively, from the e+e− forward–backward asymmetry and
the µ+µ− cross section around the φ-mass energy. We find Γee = 1.32 ± 0.05 ± 0.03 keV and √ΓeeΓµµ = 1.320 ± 0.018 ±
0.017 keV. These results, compatible with Γee = Γµµ, provide a precise test of lepton universality. Combining the two results
gives Γ(φ) = 1.320 ± 0.023 keV.
 2005 Elsevier B.V.
PACS: 13.20.Gd; 13.66.Jn
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The φ-leptonic widths provide information on the
φ-structure and its production cross section in e+e−
annihilations. They are necessary for decay branch-
ing ratio measurements and estimates of the hadronic
contribution to vacuum polarization [1,2]. There is no
direct measurement of the leptonic width. The only di-
rect measurement is
√
B(φ → e+e−)B(φ → µ+µ−)
= (2.89 ± 0.10 ± 0.06) × 10−4 [3]. In Fig. 1 are
shown the Feynman diagrams describing at the low-
est order the processes e+e− → e+e−, µ+µ−. The
cross sections can be written as σee = σee,φ + σint and
σµµ = σµµ,φ + σint, with σint, the interference term,
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σint = 3αΓ
Mφ
W 2 − M2φ
(W 2 − M2φ)2 + W 2Γ 2φ
(1)×
cos θmax∫
cos θmin
f(θ)d cosθ,
where W is the energy in the collision center of mass
(CM), θmin and θmax define the acceptance in the polar
angle θ (see later) and where Γ = Γee for e+e− →
e+e− and Γ =
√
ΓeeΓµµ/ξ for e+e− → µ+µ−.
The ξ term takes into account for the phase space cor-
rection
(2)ξ =
(
1 + 2 m
2
µ
M2φ
)(
1 − 4 m
2
µ
M2φ
)1/2
corresponding to 0.9993 with a negligible error. The
interference term σint is linear in Γ and it changes
sign when W goes through the pole at Mφ . The angu-
lar distribution f(θ) is
fee(θ) = π
[
1 + cos2 θ − (1 + cos θ)
2
1 − cosθ
]
,
(3)fµµ(θ) = πβµ
[
1 + cos2 θ + (1 − β2µ) sin2 θ]
with βµ the muon velocity. In the following we use
data collected at CM energies W of 1017.2 and
1022.2 MeV, i.e., Mφ ± Γφ/2, and at the φ peak,
W = 1019.7 MeV. For e+e− → µ+µ− we measure
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Fig. 2. Left: AFB sensitivity to Γee , for θ0 = 53◦ . Right: σµµ sensitivity to
√
ΓeeΓµµ, for θ0 = 50◦. The three curves correspond to Γ = 1.0,
1.3 and 1.6 keV.the cross section. Since Bhabha scattering is domi-
nated by the photon exchange amplitude, the inter-
ference term is best studied in the forward–backward
asymmetry, AFB, defined as
(4)AFB = σF − σB
σF + σB ,
where σF and σB are the cross sections for events with
electrons in the forward and backward hemispheres.
Because of the strong divergence of the cross section at
small angle, it is better to use an angular region around
90◦, θ0 < θ < 180 − θ0. We use θ0 = 53◦ (50◦) for
e+e− → e+e− (e+e− → µ+µ−). Fig. 2 shows AFB
and σµµ vs W for Γ = 1.0, 1.3 and 1.6 keV. A 10%
change of Γ results in a fractional change of ∼ 10−3
and ∼ 4 × 10−3 for AFB and σµµ.
Radiative corrections for initial state radiation
(ISR) and final state radiation (FSR) are included fol-
lowing [4,5]. ISR, where one or both of the colliding
particles radiate a photon before interacting, reduces
the CM energy, from the nominal value, W , to a lower
value, W ′. ISR photon(s), emitted mostly collinear to
the beam, are not detectable. ISR–FSR interference re-
sults in a forward–backward asymmetry. To enhance
the φ-meson contribution, a lower cut on W ′/W isimposed for both e+e− → e+e− and e+e− → µ+µ−
processes. We define the variable
(5)z =
√
sin θ+ + sin θ− − | sin(θ+ + θ−)|
sin θ+ + sin θ− + | sin(θ+ + θ−)| ,
where θ+ and θ− are the angles of the final leptons in
the e+e− collision CM respect to the beam direction.
In the hypothesis of a single collinear ISR photon and
for FSR photon(s) collinear with the final leptons we
have W ′/W = z. If an event does not satisfy this as-
sumption this relation is no more exact. To define our
geometrical acceptance we use the polar angle in the
CM of the final state leptons. So in the following we
refer to the polar angle θ as the average of the angles
θ− and (180◦ − θ+) in this frame.
The KLOE detector [6] consists of a large vol-
ume drift chamber, DC, surrounded by an electro-
magnetic calorimeter, ECAL. They are immersed in
a solenoidal magnetic field of about 0.52 T. For elec-
tron and muon tracks in the angular region defined
above the momentum resolution is about 3 × 10−3,
while the angular resolution is ∼ 3 mrad. Vertices
inside the DC are reconstructed with a spatial reso-
lution of about 3 mm. The calorimeter, consisting of
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2002 φ-scan statistics
CM energy (MeV) ∫ Ldt (nb−1)
1017.17 ± 0.01 6966±42
1019.72 ± 0.02 4533±27
1022.17 ± 0.01 5912±35
a barrel covering 45◦ < θ < 135◦ and two end caps,
measures energy deposits with a resolution σ(E)/E =
5.7%/
√
E(GeV) and arrival times with a resolution
σ(t) = 54/√E(GeV) ⊕ 50 ps. Large angle Bhabha
scattering and e+e− → γ γ events are used to mea-
sure luminosity, L, and the beams crossing angle. The
beam energy spread amounts to ∼ 330 keV for the CM
energy. The luminosity has an energy independent sys-
tematic uncertainty of 0.6%. The absolute energy scale
has been established from a fine energy scan at the φ
peak corresponding to ∼ 500 nb−1 of integrated lumi-
nosity, using the CMD-2 value for the φ-meson mass:
M(φ) = 1019.483 ± 0.027 MeV [7]. This translates
in a systematic error on CM energy determination of
∼ 30 keV. The same data have been used to perform
a precision measurement of the neutral kaon mass. We
find M(KS) = 497.583 ± 0.005 ± 0.020 MeV [8].
The CM energies and integrated luminosities
(∫ Ldt) for the data used in this analysis are sum-
marized in Table 1. Analysis efficiencies and reso-
lutions are determined with the KLOE Monte Carlo
(MC) program, in which different generators for e+e−
and µ+µ− are used [6,9]. Acceptance cuts and back-
ground are studied both with data and MC.
2. Γee measurement
Bhabha events are selected requiring at least two
clusters with energy Ecl in the range 300–800 MeV,
a narrow time window, a total energy deposited in
ECAL greater than 800 MeV, a cut on the angle be-
tween the two most energetic clusters, |180◦ − θ1 −
θ2| < 10◦ and a polar angle acceptance ∼ 30◦ < θ <
150◦. We only use events for which the polar angle
satisfies 53◦ < θ < 127◦, corresponding to the cen-
tral region of the barrel calorimeter. Muon and pion
contamination is quite negligible. For each event we
evaluate z as defined in Eq. (5), and retain events with
z > 0.95. In Fig. 3 the distribution for reconstructed zFig. 3. e+e− → e+e−. z reconstructed distribution for data (solid)
and MC (dot).
Fig. 4. e+e− → e+e− . z reconstructed distribution for MC
events: signal (W ′/W > 0.95, continuous) and radiative back-
ground (W ′/W < 0.95, dashed).
for a data sample and MC is shown. Fig. 4 shows the
distribution of reconstructed z for the signal (W ′/W >
0.95) and the radiative background (W ′/W < 0.95),
obtained with MC. The efficiency and the radiative
background have been evaluated as a function of the
polar angle. On average, an efficiency of about 98%
and a contamination of radiative background of about
2% are obtained for z > 0.95. In this analysis some
of the systematics are independent of W and do not
affect the measurement of Γee: they amount ∼ 0.2%
and are dominated by the uncertainty on FSR correc-
tion (0.15% as evaluated by MC) and by the θ reso-
lution (0.07%). This resolution introduces no bias but
reduces the asymmetry. We find the reduction to be
0.0011±0.0004, the same for the three energies. Note
that the asymmetry measurement does not depend on
luminosity and trigger efficiency. Systematic errors on
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Absolute systematic uncertainties on AFB in units of 10−4. W1, W2
and W3 are respectively 1017.17, 1019.72 and 1022.17 MeV
Fiducial cuts W1 W2 W3
0.90 < z < 0.98 0.8 0.3 1.1
50◦ < θ0 < 70◦ 1.0 1.0 1.0
Table 3
Forward–backward asymmetry results for z > 0.95 and 53◦ < θ <
127◦
W (MeV) AFB
1017.17 0.6275 ± 0.0003
1019.72 0.6205 ± 0.0003
1022.17 0.6161 ± 0.0004
Table 4
Fit results for e+e− → e+e− process
Parameter Value Error (stat) Error (syst)
Γee (keV) 1.32 0.05 0.03
A0 0.6215 0.0002 0.002
Mφ (MeV) 1019.50 0.08 0.03
AFB due to z resolution and θ cut are evaluated by
varying the acceptance cuts. They are summarized in
Table 2. The systematic error on AFB due to the back-
ground subtraction amounts to ∼ 4×10−6. It has been
evaluated by varying the MC background level.
Table 3 shows the measured asymmetry for z >
0.95 and 53◦ < θ < 127◦, together with the errors. The
common systematic error of ∼ 0.2% mentioned before
is not included. To fit these results we first convolute
the cross section with the radiator function [4,5] in
order to account for ISR. We then fold-in the beam en-
ergy spread. The ω-exchange contribution is expected
to be very small, because mφ −mω ∼ 29×Γω. In fact,
its inclusion in the amplitude produces at most a vari-
ation on Γee of less than 0.1%. We have also verified
that the ρ-exchange contribution is at the same level.
The fit parameters are the leptonic width, Γee, the φ
mass, Mφ , and the forward–backward asymmetry at
the φ mass, A0. The total φ width used in Eq. (1),
Γφ = 4.26 ± 0.05 MeV, is taken from PDG [10], giv-
ing an uncertainty of 0.013 keV for Γee. The 30 keV
systematic error on Mφ stems from the determination
of W . The results of the fit to the data are shown in
Table 4.Fig. 5. θ distribution. Data and MC simulation are in fair agreement.
3.
√
ΓeeΓµµ measurement
Identification of e+e− → µ+µ− events is primar-
ily based on the ratio p/EECAL between momentum
measured in the DC and energy measured in ECAL in
order to reject the large signal from Bhabha scatter-
ing. We require two tracks with 970 < | p+| + | p−| <
1010 MeV and a total energy signal from ECAL of
less than 700 MeV. We accept the angular interval
50◦ < θ < 130◦. The residual background is mostly
due to ee → ππ and is about half of the µ-pair
events. The angular distribution distortion with respect
to 1 + cos2 θ due to ISR–FSR interference, is shown
in Fig. 5, showing a comparison between MC and an
almost pure sample of e+e− → µ+µ− events. Just as
for Bhabha scattering, we require z > 0.985. θ and z
are computed as before, Section 2.
Muon (signal) and pion (background) counting is
obtained from fitting the two particle (assumed to be
muons) invariant mass distributions to the respective
MC predictions, for each collider energy. A fit exam-
ple is shown in Fig. 6. The invariant mass resolution
and the beam energy spread are properly disentangled
using data.
Efficiencies due to the trigger and off-line filters
have been obtained from data, by reprocessing a sam-
ple of unbiased raw data. All the above uncertainties
are energy independent and affect the cross-section
measurement but not Γ. The fractional uncertainty
for trigger and filters efficiencies is 0.7%, for track-
ing efficiency is 0.5% and for the ECAL energy cut is
0.5% for a total of 1.0%. Including also the luminos-
ity uncertainty (0.6%) gives a total energy indepen-
204 KLOE Collaboration / Physics Letters B 608 (2005) 199–205Fig. 6. Fit to the invariant mass, computed assuming m = mµ, dis-
tribution of π+π− and µ+µ− events for W = 1017 MeV.
Table 5
Measured cross-section for ee → µµ. The energy independent er-
rors discussed in the text are not included
W (MeV) σµµ (nb)
1017.17 35.66 ± 0.08
1019.72 40.19 ± 0.14
1022.17 43.92 ± 0.09
dent systematic error of 1.2% for σµµ. The system-
atic error due to background (ee → ππ ) counting is
∼ 0.0045 nb. The uncertainties due to the z and θ cuts
are 0.01, and 0.002 nb, respectively. The Bhabha scat-
tering contamination is negligible, 	 0.2%. Table 5
gives the cross section for e+e− → µ+µ−. To fit the
data, the cross section is corrected for ISR and convo-
luted with the machine energy spread. Free parameters
are the leptonic width, Γ =
√
ΓeeΓµµ, the φ mass,
Mφ , and the µµ cross section at the φ mass, σ0.
The φ width uncertainty adds an error of 0.013 keV
to Γ. The ω and ρ exchange contribution is negligi-
ble. The FSR correction, evaluated by MC simulation,
produces a 0.004 keV error on Γ. The result of the
fit, including the systematics uncertainties listed above
is
√
ΓeeΓµµ = 1.320 ± 0.018 ± 0.017 keV.
The fit returns a φ-meson mass of 1019.63±0.05 MeV
and a cross section σ0 = 39.2 ± 0.04stat ± 0.4syst nb,
being the expected one 39.6 nb. Both values confirm
the validity of the measurement.4. Conclusion
Our results, Γee = 1.32 ± 0.05 ± 0.03 keV,√
ΓeeΓµµ = 1.320±0.018±0.017 keV, are consistent
with lepton universality. Accepting lepton universality
for which there is ample evidence, combining the re-
sults we obtain
Γ = 1.320 ± 0.017stat ± 0.015syst
= 1.320 ± 0.023 keV.
The above result is a direct measurement of the lep-
tonic width. It represents a considerable precision
improvement over the only competing measurement√
B(φ → e+e−)B(φ → µ+µ−) = (2.89 ± 0.10 ±
0.06)× 10−4 [3].
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